Studying the solvation of an extra proton is important for understanding the proton transfer mechanism in polymer electrolyte membrane fuel cell. We study the interaction of hydronium ion and Zündel ion with water molecules in their first solvation shell using density functional method. A many-body analysis approach has been used to know the contribution of many-body energies to the binding energy of the hydronium ion-(water) 3 and Zündel ion-(water) 4 hydrogen bonded complex. It was observed that not only twobody energies but three-body and four-body energies also contribute significantly to the binding energy of the hydronium ion-(water) 3 and Zündel ion-(water) 4 complexes. The binding energy for the former is −32.14 kcal/mol whereas that for the latter is −48.48 kcal/mol. The percentage contributions of the many-body energies to the binding energies for these complexes are reported. The contribution from the relaxation energy to the binding energy of hydronium ion-(water) 3 and Zündel ion-(water) 4 complexes is 6% and 4.58%, respectively.
Introduction
The hydrogen-bonded network of water plays an important role in proton transfer mechanism, which is one of the most important processes in biology and chemistry. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Introduction of an extra proton in the hydrogen-bonded network of water forms the hydronium ion H 3 O + with three equivalent protons. This hydronium ion is solvated by three water molecules forming three strong hydrogen bonds and this structure is called as eigen ion (H 9 O + 4 ). 17 In order to transfer the proton from hydronium ion to one of its neighboring water molecules, an intermediate structure known as Zündel ion 18 (H 5 O + 2 ) must be formed between hydronium ion and water molecule by sharing a proton. The shared proton then oscillates between the two water molecules and finally either transferred to the neighboring water molecule or it may move back to the original hydronium ion. If the proton is transferred to the neighboring water molecule, the neighboring water molecule then becomes a hydronium ion. The proton transport does not require the net diffusion of proton but instead takes place according to Grotthuss mechanism involving the making and breaking of hydrogen bonds. 12, 19 The Grotthuss mechanism is the mechanism by which an excess proton or protonic defect diffuses through the hydrogen bond network of water molecules or other hydrogen-bonded liquids through the formation/cleavage of covalent bonds. The Grotthuss mechanism is now a general name for the proton-hopping-mechanism. The proton transfer mechanism can lead to considerable distortion of the geometry of the hydrogen-bonded network of water.
The well-known example of the introduction of an extra proton in the hydrogenbonded network of water is the polymer electrolyte membrane fuel cell. It is known that swollen in water, the sulfonic acid end groups of the polymer electrolyte membrane (Nafion) dissociate and introduces an excess proton into the water system and forms the hydronium ion. The solvation of an extra proton in liquid water is of importance not only in proton exchange membrane fuel cells, but also in acidity in rivers and streams, and in biological systems. In all these applications, there is a need to understand the factors that control proton mobility. It is a challenging problem due to several reasons that are unique to this system. The transport of protons in water occurs through a shuttling process (Grotthuss mechanism). This mechanism is much faster and outruns diffusion by many others of magnitude. The two important structures taking part in the proton transfer mechanism are the Eigen ion and Zündel ion. Hydronium ion is solvated by three water molecules and Zündel ion by four. While the transport mechanism is believed to involve the inter-conversion between these two solvation structures, the details of the hopping/transport mechanism is still poorly understood. Some efforts are made by Petersen and Voth earlier by studying the solvation and transport properties of the sulfonate-hydronium ion pair in hydrated Nafion through molecular dynamics simulation.
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The coordination number of hydronium ion in the solvation layer is on an average 3.5, lower than the typical coordination number of water molecules in liquid water, which is closer to 4. Hydronium ions are less stable than the water molecules and dissociate transferring a proton to one of the three water molecules in their solvation shell. When this transfer happens, one of the molecules in the solvation layer becomes the hydronium. However, the hydrogen-bonding network around this pair of water molecules is still adapted to the previous position of the hydronium.
There are extensive investigations on the nature of excess proton in condensed phase as well as molecular clusters. 4, 9, [12] [13] [14] [15] [16] Given the importance of hydrogen bonding in proton transfer mechanism it is desirable to gain more information on the solvation of hydronium ion and Zündel ion since these two structures play an important role in proton transfer mechanism. Computational methods can help in this task. To our knowledge, the role of many-body energies in the binding energy of hydrated hydronium ion and hydrated Zündel ion has not been studied so far. Computational study can provide direct information about the many-body energies for these structures. The aim of this article is to study the interaction of hydronium and Zündel ion with water molecules in their first solvation shell through many-body analysis. The paper is structured as follows: Section 2 gives the computational details and details of many-body analysis. Results are presented in Sec. 3. Conclusions are inferred in Sec. 4.
Computational Details
The geometries of the hydrated hydronium ion hydrogen bonded complex and hydrated Zündel ion hydrogen bonded complex are optimized using density functional method. All our calculations have been made using the density functional method, in particular selecting the B3LYP exchange correlation functionals [45] [46] [47] [48] that consist of the Hartree-Fock and nonlocal exchange and correlation parts. In our B3LYP calculations, we employed the basis set to 6-311++G**. The manybody analysis is carried out for these two complexes. [49] [50] [51] [52] [53] [54] [55] All calculations reported in this work are carried out using the Gaussian 98 program package. 56 Energies are corrected for basis set superposition error by counterpoise method and generalized counterpoise method.
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Many-body energies
The relaxation energy, two-, three-, and four-body interaction energies for hydrated hydronium ion complex are obtained using many-body analysis technique. The total energy of the complex is decomposed into relaxation energy and many-body energies as follows :
where
, and E(1234) are the energies of the various monomers, dimers, trimers, and tetramer in the complex and E A and E W are the energies of isolated hydronium ion and water molecules, respectively. The pairwise two-body interaction energies and higher three-body and four-body interaction energies are defined as the following equations:
The BSSE-corrected energy of a subsystem (ijkl) is evaluated in the full basis of a larger system (1234), and denoted by the term E(ijk|1234). Accordingly, the n-body terms are substituted with the BSSE-corrected ones:
Similarly we can obtain many-body energies for hydrated Zündel ion complex by considering five molecules in a complex, viz., Zündel ion and four water molecules.
Results and Discussions
We performed the geometry optimization of the hydronium ion and Zündel ion with their first solvation shell. The minimum energy structures of these hydrogen bonded complexes are shown in Fig. 1 . The BSSE corrected total energy of hydronium ion-(water) 3 and Zündel ion-(water) 4 complexes obtained are −306.36490261 and −459.3218079 Hartrees, respectively. There are no imaginary frequencies for these hydrogen bonded clusters, so quantum mechanically these are the most stable structures of hydrated hydronium ion and hydrated Zündel ion. The three O-O distances between hydronium oxygen and oxygen atom of each water molecule are found to be 2.577Å. The hydronium ion forms three strong hydrogen bonds with the three water molecules in its first solvation shell each with length 1.577Å. The three HOH angles for the solvated hydronium ion are 105.8 which is 109.8
• for isolated hydronium ion. This indicates that the HOH angle for the hydronium ion is smaller by 4
• than that in isolated hydronium ion due to the first solvation shell. The three O-H bond lengths in hydronium ion are also shortened by 0.004Å upon solvation. In isolated hydronium ion, the O-H bond lengths are found to be 1.027Å and after solvation, these bond lengths become 1.023Å. The HOH angle for isolated water molecule is 105
• while that for the water molecules in a cluster is 105.8
• , which is larger by 0.8
• . The two O-H bond lengths for isolated water molecules are equal and of length 0.962Å. It is found that for all three water molecules solvating the hydronium ion, these two O-H bond lengths are not equal. These are 0.970 and 0.982Å which differ by 0.12Å. Both the O-H bond lengths for the solvating water molecules are longer than the O-H bond lengths for the isolated water molecules. The oxygen-oxygen distance for the solvated Zündel ion is 2.470Å, which is shortened by 0.091Å than the O-O distance in isolated Zündel ion. The Zündel ion is solvated by four water molecules thus forming four hydrogen bonds with the four water molecules in its first solvation shell. The hydrogen bond lengths are 1.592, 1.706, 1.772, and 1.957Å. On comparing these hydrogen bonds with the hydrogen bonds that hydronium ion forms with the water molecules in its first solvation shell, we can say that the hydrogen bonds in solvated Zündel ion cluster are much weaker than those in the solvated hydronium ion cluster. There are no hydrogen bonds among the water molecules in hydrated hydronium ion cluster. In case of hydrated Zündel ion cluster, two of the water molecules are hydrogen bonded with hydrogen bond length of 1.874 and 1.984Å, respectively.
Many-body interaction energies for hydrated hydronium ion hydrogen bonded complex are tabulated in Table 1 . As can be seen from Table 1 , there is an attractive interaction between hydronium ion and the three water molecules in its first solvation shell. The interaction energy between hydronium-water 1 , hydroniumwater 2 , and hydronium-water 3 are attractive and these energies are equal. This is attributed to the hydronium ion forming three equal hydrogen bonds with these three water molecules each of length 1.577Å. The bond lengths between the hydronium oxygen and the oxygen of the three water molecules are also equal. The hydronium-water 1 , hydronium-water 2 , and hydronium-water 3 interaction energies have significant contribution to the total two-body energy of hydrated hydronium complex.
On the other hand, the interaction energies between any pair of water molecules are repulsive for this complex. The repulsive interaction energies between W 1 -W 2 , Table 1 . Many-body energies for hydronium ion-water 3 hydrogen bonded complex using B3LYP/6-311++G** level. All energies are BSSE corrected. HDN is hydronium ion and W i denotes ith water molecule in a complex according to Fig. 1 Table 1 that though the four-body energy hydronium-W 1 -W 2 -W 3 is low as compared to the total two-body and three-body energies, it is not negligible. Also, the relaxation energy, which measures the degree of strain that drives the structural distortion of an individual molecule in a complex, is also not negligible and contributes significantly to the binding energy of the complex.
From two-body, three-body, and four-body interaction energies, it can be said that when hydronium ion is one of the molecules in two-body, three-body, and four-body terms, the interaction energies are higher and are of attractive nature. In contrast, when the hydronium ion is not the part of the many-body terms, the energies are low. The contribution of the two-body, three-body, four-body, and relaxation energy to the binding energy of the hydrated hydronium ion hydrogen bonded complex is 62.9, 25.9, 5.2, and 6%, respectively.
The many-body energies for the hydrated Zündel ion hydrogen bonded cluster are tabulated in Table 2 . Also in this complex, the highest contribution to the binding energy is from the total two-body energy which is −37.36 kcal/mol. The Zündel ion forms four hydrogen bonds with four water molecules in its first solvation shell. This is reflected by the high and attractive interaction energies between the Zündel ion and the water molecules. These are −9.42, −9.06, −8.62 and −7.35 kcal/mol. These energies can be related to the strength of the hydrogen bonds. The stronger the hydrogen bond, the higher is the attractive interaction energy. The hydrogen bond lengths for these four energies are 1.592, 1.706, 1.772, and 1.957Å, respectively. There are two other two-body energies, which contribute significantly to the total two-body energy. These are interaction energies between the water molecules, W 1 -W 4 and W 2 -W 3 . The W 1 -W 4 and W 2 -W 3 interaction energies are −3.34 and −3.50 kcal/mol, respectively. These two energies are high due to the strong hydrogen bonds between W 1 -W 4 and W 2 -W 3 water molecules. The O-O distances for these two hydrogen bonds are 2.8 and 2.9Å, respectively. The remaining two-body interaction energies between water molecules W 1 -W 2 , W 1 -W 3 , W 2 -W 4 , and W 3 -W 4 are repulsive. The oxygen-oxygen distances for these two-body terms are 4.14, 5.64, 3.90, and 4.36Å, respectively.
The three-body energies are also contributing significantly to the binding energy of the complex. The total three-body energy of the complex is −6.59 kcal/mol. The greatest contribution to the total three-body energy is from the terms for which one of the molecules is the Zündel ion. The sum of the three-body energies when Zündel ion is one of the three-body terms is −6.58 kcal/mol, which is almost equal to the total three-body energy of the complex. The three-body terms in which all the three molecules are water molecules is almost negligible as compared to the three-body terms containing Zündel ion. The case for four-body terms is also similar. The total four-body energy is −2.97 kcal/mol. The highest contribution is from the terms containing Zündel ion as one of the molecules in four-bodies. The W 1 -W 2 -W 3 -W 4 interaction energy is very low (0.009 kcal/mol) which is negligible as compared to the other four-body energies. All the four-body interactions are attractive. The five-body interaction energy is repulsive which is 0.65 kcal/mol and is negligible as compared to the total two-body, total three-body, and total four-body energies. The relaxation energy has also significant contribution to the binding energy of the complex. For the solvated Zündel ion complex, the contribution from two-body, three-body, four-body, fivebody, and relaxation energy to the binding energy is 77, 13.59, 6.12, 1.34, and 4.58%, respectively.
Three-body interaction energy (kcal/mol)
We compare many-body energies for hydrated hydronium ion with that of water tetramer. 60 Both these structures contain four molecules. We also compare many-body energies of hydrated Zündel ion with that of water pentamer.
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Both these structures contain five molecules. Total two-body, three-body and four-body energies are attractive for both hydrated hydronium ion as well as water tetramer. For both complexes, total two-body and three-body energies have significant contribution to the binding energy of the respective complex. However, total two-body term contributes by about 10% larger in water tetramer than that in hydrated hydronium ion whereas total three-body term contributes larger in the latter than the former by about 1.4%. Total four-body term has about 2.5 times larger contribution in hydrated hydronium ion than in water tetramer.
On comparing many-body energies for hydrated Zündel ion and water pentamer, it is found that total two-body, three-body, and four-body terms contribute significantly to the binding energy of the respective complex. However, total fivebody energy is almost negligible as compared to the other many-body energies for both these complexes. It is attractive for water pentamer whereas it is repulsive for hydrated Zündel ion. In contrast to hydrated hydronium ion, the total twobody energy contribution (%) is higher in hydrated Zündel ion than that in water pentamer. The difference in % contribution is about 8%. The difference in total three-body energy contribution (%) as well as total four-body energy contribution (%) in these two structures is also significant.
On comparing the hydrated hydronium ion complex with acid water complex, viz., HF-water, HCl-water, and H 2 S-water complex, it can be said that the strength of hydrogen bond is almost same for these four complexes. 61 Using density functional method, the O· · ·H hydrogen bond between hydronium and neighboring water molecule for HF-water, HCl-water, and H 2 S-water obtained is 1.54Å whereas the value obtained in this work is 1.577Å. In all these four complexes, the O· · ·H hydrogen bond formed by hydronium ion with neighboring water molecules is stronger than that formed in water dimer (1.94Å). On comparing binding energies of these four complexes, it can be said that hydrated hydronium ion has larger binding energy than that of HF-water, HCl-water, and H 2 S-water complexes. This indicates that hydrated hydronium ion is the most stable structure among the four structures.
Since hydrated hydronium and Zündel ion are important in proton transfer mechanism, it will be interesting to study the change in the many-body energies when proton is transferred from hydronium ion to one of its neighboring water molecules. The study towards this direction is in progress in our laboratory.
Conclusions
We have studied the hydrated hydronium and Zündel ion complex using density functional method. We have applied many-body analysis to study the contribution of many-body energies to the binding energy of these complexes. For the hydrated hydronium ion hydrogen bonded complex, the contribution of two-body, three-body, four-body, and relaxation energy to the binding energy is 62.9, 25.9, 5.2, and 6%, respectively. For the hydrated Zündel ion, the contribution of two-body, three-body, four-body, five-body, and relaxation energy to the binding energy is 77, 13.59, 6.12, 1.34, and 4.58%, respectively. Strength of the hydrogen bond is related with the attractive and repulsive nature of the two-body energies.
